Abstract-In young individuals, caffeine-mediated blockade of adenosine receptors and vasoconstriction has direct repercussions on task-related activations, changes in functional connectivity, as well as global vascular effects. To date, no study has explored the effect of caffeine on brain activation patterns during highly demanding cognitive tasks in the elderly. This prospective, placebo-controlled crossover design comprises 24 healthy elderly individuals (mean age 68.8 ± 4.0 years, 17 females) performing a 2-back working memory (WM) task in functional magnetic resonance imaging (fMRI). Analyses include complimentary assessment of task-related activations (general linear model, GLM), functional connectivity (tensorial independent component analysis, TICA), and baseline perfusion (arterial spin labeling). Despite a reduction in whole-brain global perfusion (À22.7%), caffeine-enhanced task-related GLM activation in a local and distributed network is most pronounced in the bilateral striatum and to a lesser degree in the right middle and inferior frontal gyrus, bilateral insula, left superior and inferior parietal lobule as well as in the cerebellum bilaterally. TICA was significantly enhanced (+8.2%) in caffeine versus placebo in a distributed and task-relevant network including the pre-frontal cortex, the supplementary motor area, the ventral premotor cortex and the parietal cortex as well as the occipital cortex (visual stimuli) and basal ganglia. The inverse comparison of placebo versus caffeine had no significant difference. Activation strength of the task-relevant-network component correlated with response accuracy for caffeine yet not for placebo, indicating a selective cognitive effect of caffeine. The present findings suggest that acute caffeine intake enhances WM-related brain activation as well as functional connectivity of blood oxygen level-dependent fMRI in elderly individuals. Ó
INTRODUCTION
Caffeine is the most widely consumed psychoactive drug with beneficial neurocognitive effects including enhanced attention and memory (Koppelstaetter et al., 2010) . Early studies postulated that caffeine's effects on brain activation depend on a complex and potentially regionally variable interaction of neuronal and vascular responses (Laurienti et al., 2003; Koppelstaetter et al., 2010) . At the neuronal level, caffeine causes most of its biological effects via the antagonism of all types of adenosine receptors A1, A2A, A3, and A2B mainly in the striatal neurons projecting to the basal ganglia (for reviews see Fisone et al. (2004) and Costenla et al. (2010) ). Besides this antagonism, it enhances the sensitivity of striatal GABAergic synapses to the stimulation of cannabinoid CB1 receptors and at high concentrations inhibits phosphodiesterases and promotes calcium release from intracellular stores (Rossi et al., 2010) . Motor and reinforcing effects of caffeine depend on the ability of caffeine to release pre-and postsynaptic brakes that adenosine imposes on the ascending dopaminergic system. By targeting A1-A2A receptor heteromers in striatal glutamatergic terminals and A1 receptors in striatal dopaminergic terminals, caffeine induces glutamate-dependent and glutamate-independent release of dopamine. It also favors the postsynaptic effect of dopamine by attenuating the antagonistic interactions in the striatal A2A-D2 and A1-D1 receptor heteromers. Arousing properties of caffeine depend on the blockade of multiple inhibitory mechanisms that adenosine, as an endogenous sleep-promoting substance, exerts on the ascending histaminergic and orexinergic systems (Ferre, 2010) . Apart from its direct effect on brain cells, caffeine has a marked regulatory effect on brain perfusion. Overall, caffeine administration induces a direct vasoconstrictor effect resulting in reduced cerebral blood flow (CBF) via the blockade of A1, A2A, and A2B subtypes located in cells comprising the neurovascular unit (neurons, astrocytes, and vascular smooth muscle) (Fredholm et al., 1999; Dunwiddie and Masino, 2001 ). However, the mechanisms surrounding this regulation are by far not elucidated (for review see Pelligrino et al. (2010) and Crunelle et al. (2012) ).
Both caffeine-mediated blockade of adenosine receptors and vasoconstriction have direct repercussions on brain connectivity at resting states and during cognitive activation. Several functional magnetic resonance imaging (fMRI) studies documented the decrease of connectivity and global signal amplitude in various cortical areas at resting states (Rack-Gomer et al., 2009; Rack-Gomer and Liu, 2012; Wong et al., 2012) . The rare fMRI activation studies used simple perceptual tasks (i.e. auditory oddball, visual stimuli), and suggested the presence of a caffeine-mediated neurovascular uncoupling in young individuals characterized by a significant decrease of CBF with a concomitant increase of evoked (and possibly baseline) oxygen metabolism mainly in frontal areas (Perthen et al., 2008; Griffeth et al., 2011; Diukova et al., 2012) . Two fMRI activation studies using a placebo-controlled design and working memory (WM) activation paradigms showed a caffeine-induced blood oxygen leveldependent (BOLD) increase in fronto-parietal areas and a decrease in the thalamus (Koppelstaetter et al., 2008; Klaassen et al., 2013) in young to middle-aged volunteers ranging from 25 to 61 years. Previous functional connectivity studies assessed young adults (Rack-Gomer et al., 2009; Rack-Gomer and Liu, 2012; Wong et al., 2012) . To date, no study explored the effects of caffeine on brain activation patterns during highly demanding cognitive tasks in elderly cohorts. However, recent contributions pointed to significant agerelated changes of fMRI activation patterns including higher BOLD signal variability and lower maximal BOLD and flow responses during aging (D'Esposito et al., 2003; Kannurpatti et al., 2010 Kannurpatti et al., , 2011 Gauthier et al., 2013) . In combination with the observation that caffeine has a more pronounced effect on psychomotor and cognitive function in older versus younger participants (Rees et al., 1999) , we hypothesized that that caffeinerelated modifications of the BOLD response might be even more pronounced in ageing.
Using a double-blinded, placebo-controlled design, we assessed the impact of caffeine on brain activation during an n-back verbal WM task in cognitively preserved elderly participants. Potential effects of caffeine include specific task-related activations, changes in functional connectivity, as well as global vascular effects. The current investigation explores all three potential effects of caffeine: task-related activations using a hypothesisdriven general linear model (GLM) analysis, functional connectivity using data-driven tensorial-independent component analysis (TICA) and direct vascular effects using arterial spin labeling (ASL) perfusion imaging.
EXPERIMENTAL PROCEDURES Participants
The local institutional ethics committee approved this prospective study and all participants gave written informed consent prior to inclusion. We included 24 elderly individuals (mean age 68.8 ± 4.0 years, range 62-80 years, 17 females, 8-11 years of education). All participants were screened with the Mini Mental State Examination (Folstein et al., 1975) , the Lawton's Instrumental Activities of Daily Living (Barberger-Gateau et al., 1992) , and the Hospital Anxiety and Depression Scale (Zigmond and Snaith, 1983) . Cognitive evaluation was performed as follows: attention (Code, Trail Making Test A), WM (verbal: Digit Span Forward (Wechsler, 1955) , visuo-spatial: Corsi Block Tapping (Milner, 1971) ), episodic memory (verbal: Buschke Double Memory 48 items (Buschke et al., 1997) , visual: Shapes (Baddley et al., 1994) ), executive functions (Trail Making Test B (Reitan, 1958) ), language (Boston Naming (Kaplan et al., 1983) ), visual gnosis (Ghent Overlapping Figures). Subjects were also evaluated with the Clinical Dementia Rating scale (CDR) (Hughes et al., 1982) , and only cases with a CDR score of 0 and scores within 1.5 standard deviations of the age-appropriate mean in all other tests were included in the final series. All participants had normal or corrected-to-normal visual acuity, and none reported a history of major medical disorders (cancer, cardiac illness), sustained head injury, psychiatric or neurological disorders, and alcohol or drug abuse. Subjects with regular use of psychotropics, stimulants and ß-blockers were excluded. All participants were habitual caffeine consumers taking one to three cups of coffee per day. Participants were instructed to stop consuming caffeine-containing food as from 18 h the evening prior to the MRI exam. Imaging was performed during the morning of the following day between 9 and 12 h. Structural brain abnormalities were excluded after routine radiological assessment. White matter lesions, presumably related to microvascular leucoencephalopathy, are frequent in the investigated age-group. To limit the impact of this confounding factor, we included only volunteers with a maximum of a Fazekas score of 1 (Fazekas et al., 1987) . Moreover, (asymptomatic) acute ischemic lesions were excluded using diffusion tensor imaging (DTI) trace imaging.
WM task
In a prospective crossover design, each participant had 2 scanning days separated by 1 or 2 weeks. Half of the participants had caffeine at day 1 and placebo at day 2, and the other half had the inverse order of substances. Medication was applied in a double-blinded way. One capsule (caffeine 200 mg or placebo) was taken per os 30 min prior to the MR imaging in agreement with previous investigations (Mulderink et al., 2002; Liu et al., 2004; Behzadi and Liu, 2006; Perthen et al., 2008 Participants performed an n-back task, a wellestablished WM task in fMRI (for example, see metaanalysis in (Owen et al., 2005) ). Briefly, a sequence of letters was presented visually on an MR compatible canvas in the MRI scanner. In the active 2-back condition, targets are letters that are identical to the letter presented two items ago (e.g. ''a f h f''). This task has a high demand on WM. In the control condition 0-back, the target is a pre-defined letter (e.g. ''x''). This control condition has similar demands on visual processing yet requires only minimal WM. Both conditions are contrasted to evaluate the effect of WM demand in 2-back versus the control condition 0-back. Participants were familiarized with the task demands outside the MRI using a training session. Each run consisted of alternation blocks of 35 s each for conditions 2-back and 0-back with alternating rest conditions of 15 s to allow the hemodynamic response to recover from the previous block. Each condition was repeated five times in a pseudo-randomized order. Participants provided response (target versus no target) via an MR compatible response box for targets (33% of trials) and another button for non-targets. Including an initial fixation period, each run lasted 8-10 min, and each participant performed two runs per day.
MR imaging
MR imaging was performed on a clinical routine whole body 3.0T MR scanner (TRIO, Siemens medical systems, Erlangen, Germany 
Statistical analysis
Statistical analysis was performed in Graphpad Prism, Version 5. After normality testing (D'Agostino & Pearson's omnibus normality test), the participant's average reaction time and response accuracy for 2-back and 0-back were compared between CAFFEINE versus PLACEBO using repeated-measures t-tests.
GLM analysis of task-related activation
Task-related GLM data processing was carried out using FEAT (FMRI Expert Analysis Tool) Version 5.98, part of FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). At the first level, the contrast of 2-back versus 0-back (and the inverse comparison) was calculated separately for each run of each participant. At the second level, the intra-participant difference in the two runs of CAFFEINE versus PLACEBO (and the inverse comparison) was assessed individually. At the third level, the group average across all 24 participants was calculated. Higher-level analysis was carried out using a fixed effects model, by forcing the random effects variance to zero in FLAME (FMRIB's Local Analysis of Mixed Effects) (Beckmann et al., 2003; Woolrich et al., 2004; Woolrich, 2008) . Z (Gaussianised T/F) statistic images were thresholded using clusters determined by Z > 2.3 and a corrected cluster significance threshold of p = 0.05. Anatomic location of the activation clusters was determined using ''atlasquery'', part of FSL, and the Harvard-Oxford Cortical Structural Atlas.
TICA analysis of functional connectivity
Analysis was carried out using TICA (Beckmann and Smith, 2005) as implemented in MELODIC (Multivariate Exploratory Linear Decomposition into Independent Components) Version 3.10, part of FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). The following data pre-processing was applied: masking of non-brain voxels;
voxel-wise de-meaning of the data; normalization of the voxel-wise variance. Pre-processed data were whitened and projected into a 40-dimensional subspace using Principal Component Analysis. The whitened observations were decomposed into sets of vectors, which describe signal variation across the temporal domain (time-courses), the session/participant domain and across the spatial domain (maps) by optimizing for non-Gaussian spatial source distributions using a fixed-point iteration technique (Hyvarinen, 1999) . Estimated Component maps were divided by the standard deviation of the residual noise and thresholded by fitting a mixture model to the histogram of intensity values . The participant S-modes (a measure of the activation strength) of each of the 40 independent components (ICs) were post hoc compared between CAFFEINE versus PLACEBO implementing repeated-measure t-tests and Bonferroni's correction for multiple comparisons. For the taskrelevant ICs and for both CAFFEINE and PLACEBO conditions, the S-modes were then correlated with the behavioral response accuracy of the demanding 2-back task. The statistical significance of Pearson's correlation was then assessed using a standard parametric test procedure.
Analysis of ASL perfusion
The reconstructed relCBF ASL perfusion images were spatially normalized using a linear transformation equivalent to pre-processing of the functional MRI data. We first analyzed the average ASL signal of CAFFEINE versus PLACEBO using a repeated measure t-test, followed by a voxel-wise group-level permutation testing in RANDOMISE, part of FSL with threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009) correction for multiple comparisons, considering fully corrected p-values < 0.05 as significant.
RESULTS

Behavioral data
There was no significant difference in response accuracy or reaction time for CAFFEINE versus PLACEBO (see Fig. 1 ). Importantly, all of the cases correctly performed more than 85% of the 2-back trials.
GLM analysis of task-related activation
The average activation of the contrast 2-back versus 0-back yielded strong activations for CAFFEINE and PLACEBO in the established WM network including the bilateral pre-frontal cortex (PFC), the supplementary motor area (SMA), the ventral and dorsal premotor cortex (vPMC, dPMC) and the parietal cortex. Additional activations were present in the occipital cortex related to the visual stimulus presentation, the basal ganglia and the cerebellum (Fig. 2A, B) . The comparison of this contrast for CAFFEINE versus PLACEBO revealed significantly increased BOLD activation in a distributed network including notably the bilateral striatum and to a lesser degree the right middle and inferior frontal gyrus, bilateral insula, the left superior and inferior parietal lobule as well as the cerebellum bilaterally (Fig. 2C) . The inverse comparison yielded higher activation for PLACEBO notably in the bilateral superior parietal lobule (Fig. 2D) . 
TICA analysis of functional connectivity
Of all 40 ICs, only one IC showed a significant difference (p < 0.05 corrected) between CAFFEINE versus PLACEBO. The spatial representation of this IC notably includes the established WM network including the PFC, the SMA, the vPMC and the parietal cortex as well as visual areas and the basal ganglia (see Fig. 3A ). The temporal representation of this IC closely resembles the block design ON-OFF of the experimental task (see Fig. 3B ). The S-mode (measure of effect size) was 8.2% higher for CAFFEINE versus PLACEBO (see Fig. 3D ). The inverse comparison of PLACEBO versus CAFFEINE yielded no significant differences. There was a significant correlation between individual S-modes of this IC and response accuracy (2-back task) only for CAFFEINE but not for PLACEBO (see Fig. 4 ).
Analysis of ASL perfusion
The group average analysis of the ASL perfusion resulted in bilateral symmetric perfusion predominantly in the gray matter (Fig. 5) . On average, across the entire gray matter, the ASL signal was reduced by 22.7% (p < 0.001) for CAFFEINE versus PLACEBO. The local voxel-wise comparison of CAFFEINE versus PLACEBO (and inverse) yielded no multiple comparison corrected supra-threshold differences.
DISCUSSION
Our task-related data analysis revealed higher activation for caffeine versus placebo mainly in the bilateral striatum (an area with high densities of adenosine receptor-positive neurons; (Fisone et al., 2004) ), but also in the right middle and inferior frontal gyrus, bilateral insula, and the left superior and inferior parietal lobule. These frontoparietal areas are known to participate in the WM encoding circuit (Klaassen et al., 2013) . In the first study that used a very similar activation paradigm in 16 young healthy male participants aged from 25 to 47, caffeine induced an increased BOLD response in the bilateral medial frontopolar cortex extending to the right anterior cingulate cortex (Koppelstaetter et al., 2008) . The effect size in our study was substantially higher than that observed by Koppelstaetter and colleagues. Besides an increased effect of caffeine in ageing, this difference could be explained by a larger sample size (24 versus 16 participants), a higher magnetic field (3 T versus 1.5 T) and a higher dose of caffeine used in our setting (200 mg versus 100 mg). More recently, another study assessed the effect of 100 mg of caffeine on WM performance in 20 healthy male participants aged 40-61 during the successful performance of the letter Sternberg task (Klaassen et al., 2013) . Caffeine increased load-related activation compared to placebo in the left and right dorsolateral prefrontal cortex during encoding, but decreased load-related activation in the left thalamus during maintenance. Our results in elderly cases confirm previous observations and in particular those of Klaassen et al. (2013) who used a similar WM activation paradigm. However, they also reveal a positive effect of caffeine on the activation of the striatum in old age as well as a decreased activation of the superior parietal cortex bilaterally. Pointing to the importance of the striatum for WM performance in this age group, a recent PET-fMRI study in older cases showed that the striatal dopamine projections to the prefrontal cortex are critical for the integration of WM maintenance process (Landau et al., 2009) .
These local increases of BOLD signal are difficult to interpret without a parallel analysis of functional connectivity. In contrast to the above-mentioned studies that applied only task-related GLM analyses, additionally we performed a TICA analysis that made it possible to assess the degree of functional connectivity. Our data reveal a caffeine-related enhancement of functional connectivity in the PFC, vPMC, the SMA, the parietal cortex as well as visual areas (related to the visual stimulus presentation) and the basal ganglia during the highly demanding 2-back task. Importantly, previous fMRI studies reported a caffeine-mediated widespread decrease of functional connectivity at resting states related to its arousing properties. For instance, two recent investigations found that caffeine reduces BOLD functional connectivity and increases its temporal variability in the motor cortex (Rack-Gomer et al., 2009; Rack-Gomer and Liu, 2012) . Given the absence of activation paradigm in these studies, it is hard to compare these data with those obtained in the present experimental setting. Another recent study showed that caffeine significantly enhances the detection of the known anti-correlations between the default mode network (DMN) and the task positive network (TPN) (Wong et al., 2012) . Subsequently, the WM-load related an increase in functional connectivity after caffeine intake observed here cannot be attributed to a nonspecific effect of this substance. Interestingly, a recent study combined fMRI and magnetoencephalography (MEG) to assess whether changes in resting state fMRI functional connectivity are due to vascular or neural factors (Tal et al., 2013) . The functional connectivity changes in fMRI were paralleled by changes in MEG, which directly assesses neuro-electric activity. Consequently, the authors conclude that changes in fMRI functional connectivity have a neural basis.
In conjunction with the GLM data, the present findings support the idea that caffeine acts as an activator of BOLD activation and functional connectivity in WMrelated cortical circuits in elderly individuals. Despite the lack of a global behavioral effect of caffeine during the WM task, we found a significant positive correlation between the activation strength of the working-memory network and the behavioral response accuracy in a 2- Fig. 5 . Average brain perfusion assessed using ASL imaging for CAFFEINE (A), PLACEBO (B), and the difference of PLACEBO minus CAFFEINE (C). All images have the same window levels (0-800 arbitrary units). On average across the gray matter, the global ASL signal is reduced by 22.7% after CAFFEINE exposure, while there was no supra-threshold local voxel-wise difference between CAFFEINE and PLACEBO. back task, only for CAFFEINE yet not for PLACEBO. This observation further points to the specificity of the association between the caffeine-mediated activation of the above-mentioned cortical circuits and WM performance in the elderly. The absence of behavioral changes in response to caffeine exposure despite the measurable enhancement of BOLD activations is consistent with the conclusion of a recent investigation which stated that caffeine should be viewed as a cognitive normalizer rather than a cognitive enhancer (Cunha and Agostinho, 2010) in cognitively normal elderly participants.
As in younger cohorts, caffeine induced a global reduction of baseline perfusion in the range of 20% (Cameron et al., 1990; Mulderink et al., 2002; Vidyasagar et al., 2013) . This effect is specific to caffeine, as for example the same effect was found for caffeine-containing tea, while decaffeinated tea did not reduce cerebral perfusion (Vidyasagar et al., 2013) .
As a cerebral vasoconstrictor, caffeine causes an increase in the concentration of deoxyhemoglobin and thus a decrease in the BOLD baseline resting signal by 4.4%, which in turn results in an overall increase in the BOLD contrast by 22-37% in a visual task (Mulderink et al., 2002) . Even usual dietary caffeine consumption significantly interacts with the BOLD response and this is significantly greater in higher dose caffeine consumers (Laurienti et al., 2002) . The exact interaction of caffeine on the BOLD response includes a quickening and shortening of the BOLD response in addition to an increase of the BOLD amplitude (Liu et al., 2004) , reduction of the initial dip in the visual BOLD response (Behzadi and Liu, 2006) as well as an increase in the linearity of the BOLD response (Liu and Liau, 2010) . One could postulate that the observed WM-load related BOLD increase after caffeine ingestion might be partly attributable to its direct vascular effect. However, this is an unlikely scenario since we did not identify local differences in tissue perfusion using a voxel-wise analysis permutation testing.
Strengths of the present study include the double-blind placebo-controlled design, the use of a detailed neuropsychological battery to control for mild cognitive deficits, the exclusion of cases with chronic administration of psychotropic agents, and concomitant analysis of caffeine effects on brain activation, functional connectivity and perfusion using three separate analytical tools. From this viewpoint, this work should be viewed as an additional effort to control the numerous confounders of BOLD fMRI activation after caffeine administration (Iannetti and Wise, 2007) . There are, however, some limitations that should be carefully considered. Firstly, the limited number of cases did not allow for the distinct exploration of the caffeine impact in the different age groups comprising the elderly population. Secondly, the possible effect of usual caffeine intake on baseline BOLD signal in some of these elderly individuals was not assessed due to the limited sample. Lastly, fMRI data did not provide sufficient information about the temporal dynamics of brain activation during WM processes. Future studies combining fMRI and EEG activation studies in larger cohorts of well-characterized elderly controls with various doses of caffeine intake are needed in order to clarify the temporal dynamics of brain activation patterns associated with this widely consumed stimulant in old age.
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